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[1] This study was carried out to support and enhance a series of global studies assessing
contemporary and future changes in nutrient export from watersheds (Global Nutrient
Export from Watersheds (NEWS)). Because hydrography is one of the most important
drivers in nutrient transport, it was essential to establish how climatic changes and direct
human activities (primarily irrigation and reservoir operations) affect the hydrological
cycle. Contemporary and future hydrography was established by applying a modified
version of a global water balance and transport model (WBMplus) driven by present and
future climate forcing, as described in the Millennium Ecosystem Assessment scenarios
(1970–2050). WBMplus represents a major upgrade to previous WBM implementations by
incorporating irrigational water uptake and reservoir operations in a single modeling
framework. Contemporary simulations were carried out by using both observed climate
forcings from the Climate Research Unit of East Anglia (CRU) data sets and from Global
Circulation Model (GCM) simulations that are comparable to the future simulations
from the same GCM forcings. Future trends in three key human activities (land use,
irrigation, and reservoirs operation for hydropower) were taken from the Integrated Model
to Assess the Global Environment (IMAGE). The reservoir operation required establishing
a realistic distribution of future reservoirs since the IMAGE model provided only the
hydropower potentials for the different future scenarios.
Citation: Fekete, B. M., D. Wisser, C. Kroeze, E. Mayorga, L. Bouwman, W. M. Wollheim, and C. Vörösmarty (2010),
Millennium Ecosystem Assessment scenario drivers (1970–2050): Climate and hydrological alterations, Global Biogeochem.
Cycles, 24, GB0A12, doi:10.1029/2009GB003593.
1. Introduction
[2] Hydrology plays a pivotal role in Earth’s biogeo-
chemical cycles, significantly affecting both the planet’s
ecosystems and human society. The present work was carried
out primarily to support a series of riverine nutrient export
studies assessing the transport of various particulate and
dissolved forms of inorganic and organic nitrogen (N),
phosphorus (P) and carbon (C) to coastal regions. These
studies represent a follow up to a set of models developed
under UNESCO’s Global Nutrient Export from Watersheds
(Global NEWS) taskforce and published in 2005 to document
global patterns under contemporary conditions [Beusen et al.,
2005; Dumont et al., 2005; Harrison et al., 2005a, 2005b;
Seitzinger et al., 2005]. The studies in the 2005 papers were
based on an “observational” assessment of the contemporary
global hydrography by Fekete et al. [2002], which combined
water balance model (WBM) calculations (driven by
observed climate forcings) with data from river discharge
gauges to provide monthly climatological assessment of
spatially distributed runoff.
[3] While the WBM implementation applied in the 2005
papers did not provide explicit representation of human
activities, the inclusion of observed discharge records
implicitly incorporated human impact on the hydrological
cycle. The present work adds two new components by
applying a modified version of the WBM that explicitly
represents key human alterations of the hydrological cycle
[Wisser et al., 2008, 2010a, 2010b] driven by contemporary
and future climate forcing scenarios. The new hydrography
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allows improved Global NEWS models to assess past,
contemporary and future trends in nutrient export by rivers,
as affected by changes in human activities and in the global
climate [Mayorga et al., 2010; Seitzinger et al., 2010]. The
revised NEWS models were used to model river export of
nutrients for past (1970), contemporary (2000) and future
(2030 and 2050) years.
[4] The past, contemporary and future climate scenarios
were generated by the Integrated Model to Assess the Global
Environment (IMAGE v2.4) [Bouwman et al., 2006], which
employs the Model for the Assessment of Greenhouse gas
Induced Climate Change (MAGICC) [Wigley and Raper,
1992] to establish large‐scale trends. The regional climate
prediction from MAGICC was scaled to higher‐resolution
regional patterns using Global Circulation Model (GCM)
outputs. The future scenarios were implemented by following
the Millennium Ecosystem Assessment (MEA) guidelines
[Alcamo et al., 2006] describing four possible future sce-
narios: Adapting Mosaic (AM), Global Orchestration (GO),
Order from Strength (OS) and Technogarden (TG). These
scenarios differ with respect to socioeconomic trends (glob-
alization or regionalization) and environmental management
(proactive or reactive). Global Orchestration and Techno-
garden are scenarios assuming globalization. The Order from
Strength and Adapting Mosaic scenarios assume regional-
ization. Proactive environmental management is assumed in
Global Orchestration and Adapting Mosaic, while Order
from Strength and Technogarden assume reactive environ-
mental management.
[5] Contemporary simulations were also carried out using
observed climate data from the Climate Research Unit of
East Anglia (CRU) [New et al., 2000]. The purpose of these
contemporary simulations was to evaluate the IMAGE/
MAGICC model contemporary climate forcings and to relate
the results of the current NEWS studies to the previous 2005
assessments.
[6] The Water Balance/Transport model (WBM/WTM)
used in the previous studies was revised (referred as
WBMplus) to incorporate explicit representation of key
human activities (irrigation and reservoir operation) that have
direct impact on the hydrography [Wisser et al., 2008, 2010a,
2010b]. WBMplus was applied to the MEA scenarios to pro-
vide estimates for key elements of the hydrological cycle
(river discharge, evapotranspiration, groundwater recharge
and runoff) based on water balance and transport simula-
tions under disturbed and natural conditions considering
present and future climate forcings.
[7] This paper gives a short description of the WBMplus
modeling framework with a particular focus on the features
most relevant to the presented work. This description is
followed by an overview of the climate forcing data, which
also provides some insight into the patterns that emerged in
the simulations.
[8] The paper devotes considerable discussion to relating
contemporary and future hydropower capacities to theoretical
potentials, as well as to establishing the realistic positioning
of future reservoirs necessary for performing future simu-
lations. While some of these discussions deviate slightly
from the main thrust of the paper, they are nevertheless
important and have not been previously published.
[9] The paper also provides a brief comparison of the
hydrological responses to the MEA scenarios contrasted
with actual 20th century variations documented in recent
analyses [Wisser et al., 2010a, 2010b]. The paper focuses on
the changes in future scenarios with respect to contemporary
(2000) climate conditions, but all modeling exercises were
also carried out for past (1970) conditions. The results from
those simulations not discussed here were made available
for Global NEWS analyses [e.g., Mayorga et al., 2010;
Seitzinger et al., 2010].
2. Water Balance and Transport Model
[10] The water balance calculations were carried out at
30′ (longitude × latitude) spatial resolution using version
6.01 of the Simulated Topological Network (STN30p), a
modestly updated version of the data set presented by
Vörösmarty et al. [2000a].
[11] The water balance/transport model applied in the
present study (WBMplus) is an updated version of the global
water balance model (WBM) that was developed by
Vörösmarty et al. [1989, 1998] and subsequently modified
by Wisser et al. [2008, 2010a, 2010b]. WBMplus was im-
plemented in a flexible modeling framework allowing a large
array of run‐time configuration options for controlling the
complexity of model simulations. For instance, WBMplus
has eight different implementations of the potential evapo-
transpiration calculation, ranging from simple temperature
based formulas to complex land‐cover‐dependent formulas
[Federer et al. 1996, 2003]. WBMplus can be configured
with either a bulk or multilayer soil column, with the later
typically used against wetland and permafrost modules that
were turned off in the present study. Themodeling framework
also provides the core functionality for horizontal transport
along simulated gridded networks [Vörösmarty et al., 2000a].
Wisser et al. [2008, 2010a, 2010b] give a detailed description
of WBMplus and its application to characterizing 20th century
hydrography; therefore we highlight only the key elements
of the WBMplus as applied for the NEWS studies, particu-
larly for scenarios of future conditions.
2.1. Hydrological Processes Under Rain‐Fed
Conditions
[12] The hydrologic simulations under rain‐fed conditions
were carried out using the Hamon temperature based
potential evapotranspiration function [Federer et al. 1996,
2003; Hamon, 1963], requiring no additional climate input
other than air temperature. This eliminated the need for a
series of variables (e.g., vapor pressure, solar radiation, wind
speed, daily minimum and maximum temperature) that
would have been required to apply the more sophisticated
land‐cover‐dependent PET function. We realize that this
choice may have limited the model’s ability to depict the
impact of future land cover changes. However, the Hamon
[1963] method was found to have the least bias compared
to more sophisticated PET functions [Federer et al., 1996],
without requiring explicit land cover parameterization. The
water balance model still maintains land cover dependence
through rooting depth [Federer et al., 2003], which was
assigned to every 30′ grid cell. Terrestrial Ecosystems
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Model natural vegetation cover types [Melillo et al. 1993]
were used for grid cells without significant agricultural
activities and were kept constant between contemporary and
future scenarios. For grid cells that were cultivated according
to the IMAGE model, the rooting depth of the natural vege-
tation was altered to 1 m following FAO recommendations
[Allen et al., 1998]. This alteration resulted in a varying
rooting depth for regions where the cultivated area coverage
changed between scenarios.
2.2. Irrigation in WBMplus
[13] WBMplus estimates crop evapotranspiration using the
crop coefficient method [Allen et al. 1998], where Crop
evapotranspiration Etc (mm d
−1) is computed as a product of
a crop coefficient kc and a reference evapotranspiration ET0
(mm d−1). The crop coefficient kc is a function of the crop’s
physiological properties and varies over time. Irrigation
water demand is calculated for each crop type to meet the
water requirements of maintaining optimal crop evapo-
transpiration Etc. This approach is widely used for designing
irrigation schemes and has also been applied in large‐scale
estimates of irrigation water demand [Döll and Siebert,
2002; Wisser et al., 2010a, 2010b]. Because the demand
is computed under the assumption that the crop is free of
diseases, it might slightly overestimate the irrigation water
demand. However, given the uncertainties related to the
extent of irrigated areas at the global scale [e.g.,Wisser et al.
2008], the impact of uncertainties related to this approach is
small at large scales. Irrigational water Inet (mm d
−1) is
applied to refill the soil water to its holding capacity
whenever the soil moisture drops below a crop‐dependent
critical threshold. A simple soil moisture accounting
approach is implemented to calculate daily values of soil
moisture as a function of precipitation and crop evapotrans-
piration. For rice crops, an additional amount of water is
applied to maintain a constant flooding depth (50 mm)
throughout the growing season, and to replenish water that
percolates into the groundwater at a constant rate, depending
on the grid cell soil drainage class. While WBMplus could
handle any number of irrigated crop types within each grid
cell, the present study considered only rice and a generic
nonrice crop (provided by the IMAGE model).
[14] The gross irrigation water requirements Igr (mm d
−1)
(i.e., the amount of water that actually is extracted from
external water resources) is computed by adjusting the net
irrigation demand according to irrigation efficiency E [‐],
which represents water losses during irrigation and water
distribution.
[15] The growing season was determined by a simple
temperature threshold; when mean monthly air temperature
rose above 5°C, the growing season began. In regions where
the air temperature stayed above this threshold throughout
the whole year, the onset of the growing season was
assumed to start one month before the maximum rainfall.
The minimum length of the cropping season was assumed to
be 150 days. When the climate permitted second cropping
(i.e., the mean monthly air temperature stayed above the 5°C
threshold for more than 300 days), the start of the second
season was set to begin 150 days after the first growing
season.
[16] The water demand Igr for irrigation can be satisfied
from three renewable water sources: (1) water stored locally
in small reservoirs, (2) shallow groundwater, and (3) rivers
flowing in the same grid cell. The WBM plus draws irrigation
water from these sources in sequential order, beginning with
reservoirs and ending with rivers. When the combination
of these sources is insufficient to meet requirements, the
remaining irrigation water is assumed to be withdrawn from
nonrenewable sources (i.e., fossil aquifers). The WBMplus
keeps track of the withdrawal from nonrenewable sources in
order to maintain water balance both locally and regionally.
Wisser et al. [2010a] utilized this feature of WBMplus to
estimate that the total volume withdrawn from nonrenewable
resources since the beginning of the 20th century exceeds
55 thousand km3, which is roughly 40% higher than the mean
annual discharge to the oceans.
2.3. Reservoirs
[17] WBMplus distinguishes between large and small
reservoirs. Large reservoirs are explicitly represented on
the river network, as in earlier studies [Haddeland et al.,
2006a, 2006b; Hanasaki et al., 2006], and their primary
role is to regulate river discharge. Small reservoirs are
unique to WBMplus and represent small local ponds in grid
cells that have some portion of their area under irrigation.
These small reservoirs collect water from the nonirrigated
portion of the grid cell during periods when surface runoff is
available and supply when it is needed in the irrigated part
of the grid cell.
2.3.1. River Flow Controlling Reservoirs
[18] Large reservoirs have the ability to alter river flow
significantly. The actual flow alteration depends on multiple
factors, such as the flow regime, the state of the reservoir,
the reservoir capacity in relation to the incoming discharge,
and the purpose of the reservoir. While the main and sec-
ondary purposes of reservoirs are often reported in published
registries [Haddeland et al., 2006a; Hanasaki et al., 2006],
the actual reservoir operation rules are rarely known. The
simulation of multi purpose reservoirs is particularly chal-
lenging when these different roles result in conflicting res-
ervoir operation strategies. Instead of attempting to simulate
various operation rules, we used a simple empirical rela-
tionship [Wisser et al., 2010a] relating the reservoir inflow
Qin (m3 s
−1) to the reservoir release Qrel (m
3 s−1) as function
of the long‐term mean inflow Qmean (m
3 s−1) to simulate the
release from individual reservoirs
Qrel ¼ aQin Qin > QmeanbQin þ Qmean  Qinð Þ Qin  Qmean

ð1Þ
where a and b are empirical constants (set to 0.16 and 0.6,
respectively) that have been found by analyzing operational
data from some 30 reservoirs globally [Wisser et al., 2010a].
The storage St (m
3) in the reservoir can be described as
St ¼ St1 þ Qin  Qrelð Þdt ð2Þ
neglecting evaporation from the reservoir surface. We realize
that the lack of representing evaporation from most surface
waters (rivers, lakes and large reservoirs) is a shortcoming in
WBMplus and we intend to correct this in future versions.
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However, evaporation losses from large reservoirs per unit
of stored water are smaller than in small reservoirs, due their
smaller surface area per volume ratio. For instance, the
Aswan High Dam shared by Egypt and Sudan looses water
through evaporation that is equivalent to only 5% of the
annual flow leaving the reservoir [Sadek et al., 1997].
2.3.2. Local Water Management Reservoirs
[19] Globally, the estimated number of small reservoirs
(excluding small farm ponds) could be as high as 800,000
[Vörösmarty et al., 2005]. Despite this large number, the
combined storage capacity of these small reservoirs is still
significantly less than the combined capacity of large re-
servoirs. However, small reservoirs still play important role
in water management by intercepting local runoff during the
wet season and providing irrigational water when needed for
crop production. The coarse resolution of the WBMplus
simulations does not allow the explicit representation of
these small reservoirs individually (and there is no com-
prehensive reservoir database that represents all of them).
Therefore, WBMplus simulates their impact by assigning a
bulk reservoir storage capacity to each grid cell that has
irrigation. The capacity of this bulk reservoir storage (Csr)
for each grid cell is established during model initialization as
a seasonal water deficit:
Csr ¼ max
X365
t¼1
Rrain; t;
X365
t¼1
Igross; t
 !
ð3Þ
Where mRrain,t (mm d
−1) is the daily surface runoff in the
nonirrigated areas (feeding the small reservoirs) and Igross,t is
the estimated daily irrigational water demand. The param-
eter m is determined by the relationship between the catch-
ment area for a reservoir, from which runoff is collected, and
the cultivated area supplied by an individual reservoir. The
combined small reservoir catchment area was assumed to be
10 times greater than the irrigated area, unless it was limited
by the available noncultivated area within a grid cell [Wisser
et al., 2010b].
[20] For instance, if a grid cell had 5% irrigated land, 50%
of the remaining grid cell area was set aside for recharging
the small reservoirs (m = 0.5). When the irrigated area ex-
ceeded 9.1% of the grid cell area (that is 1/11), the entire
remaining nonirrigated portion was assumed to feed the
small reservoirs (m = 0.91, which is the highest possible
value for m). In addition, small reservoirs do not carry over
water from one year to the next.
[21] While large and consequently deep reservoirs often
have negligible water losses due to evaporations, small re-
servoirs experience more significant evaporation losses due
to their larger area‐to‐volume ratio and correspondingly
higher water temperatures during the warm season. WBMplus
calculates evaporation water losses from small reservoirs as
Ep ¼ kpET0 ð4Þ
where kp is an evaporation coefficient (set to 0.6 uniformly).
3. Millennium Ecosystems Assessment Scenarios
[22] The Millennium Ecosystems Assessment [Alcamo
et al., 2006] scenarios represent different future climate
responses to alternative environmental management poli-
cies. The climate forcings provided for the hydrological
simulation were air temperature and precipitation. The lack
of additional atmospheric variables (e.g., vapor pressure,
solar radiation, wind speed, diurnal temperature range, etc.)
meant that we had to apply a parsimonious configuration of
WBMplus.
[23] The 2030 and 2050 snapshots capturing trajectories
of climate change (by representing mean conditions around
the projection year) show significant temperature increases
considering the temperature variations of the 20th century
(according to the gridded time series from the CRU [New
et al., 2000]; see Figure 1). While the temperature increase
for year 2030 remains within the temperature variations of
the last century under all scenarios, by 2050 the temperature
rise at nearly all latitudes exceeds the “natural variation”
under all but the Technogarden scenario. Interestingly, the
two globalization scenarios (the environmentally proactive
Governing Orchestration and environmentally reactive
Technogarden) appear to provide the two extremes in tem-
perature rise, while the regionalization scenarios (the pro-
active Adapting Mosaic and reactive Order from Strength)
remain relatively close to each other regardless of environ-
mental consciousness. The latitudinal variations are similar
for all scenarios, with a weakly elevated temperature rise
toward the North Pole.
[24] These predictions change substantially by 2100
(which is not presented here but is discussed in detail by
Alcamo et al. [2006]), when the regionalization scenarios
maintain a steeper temperature growth than the globalization
scenarios and the least environmentally conscious Order from
Strength scenario maintains a trajectory with the highest‐
temperature growth [Alcamo et al., 2006]. From a climate
perspective, the different scenarios beyond 2050 would have
provided wider variation. Given the uncertainties in techno-
logical advancements and change in policies affecting nutri-
ent release and land use, however, the NEWS team was more
comfortable focusing on the near future (2030 and 2050).
[25] Under all scenarios, changes in precipitation are
significantly less than the “natural year‐to‐year variations”
at all latitudes (according to the CRU 20th century time
series; see Figure 1) and are well within the standard de-
viations by latitude. Furthermore, the differences among the
four MEA scenarios are much less pronounced. The tropics
show the highest increase in precipitation, while the Sahel
region becomes dryer. Higher latitudes experience a slight
increase in precipitation. The 2050 scenarios show the same
latitudinal pattern as the 2030 scenarios, but with elevated
magnitude (still significantly less than the natural variations
throughout the 20th century).
[26] The regional deviations from contemporary climate
under future scenarios are shown in Figure 2 for 17 economic
regions (Canada (CAN); United States (USA); Central
America (CAM); South America (SAM); North Africa
(NAFR); West Africa (WAFR); East Africa (EAFR); South
Africa (SAFR), Western Europe (WEU); Central Europe
(CEU); Former Soviet Union (FSU); Middle East (ME);
India, Pakistan and Bangladesh (IND+); China and Korea
(CHIN+); Southeast Asia (SEA); Indonesia, Australia and
New Zealand (Oceania) and Japan (Japan)). While the
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differences among the MEA scenarios are weak in 2030,
distinct patterns start to emerge by 2050, both in air tem-
perature and precipitation. As previously noted, the Tech-
nogarden scenario (the reactive globalized response) shows
the least temperature rise in all regions, while Governing
Orchestration (the proactive globalized response) results in
the highest‐temperature rise in each region. Unlike air
temperature, which rises in all regions, precipitation rises in
only 10 of the 17 regions. The absolute value of the pre-
cipitation change follows the same pattern as the tempera-
ture rise, with the Technogarden scenario maintaining the
smallest changes and Governing Orchestration showing the
largest changes in value, regardless of whether precipitation
rises or falls.
4. Future Reservoirs
[27] The IMAGE model provided estimates of the con-
temporary and future hydropower capacities broken down
by economic regions as a proportion of the potential
hydropower capacity by regions. The present hydropower
capacity by economic regions was based on data from the
World Energy Council (http://www.worldenergy.org) and
actual production as reported by International Energy Agency
(IEA) [2007a, 2007b]. Based on the circumstances of the
different scenarios, exogenous growth rates were assumed.
In this paper, we include these increased production
numbers in our model and allocate them geographically.
While the final algorithm we constructed did not depend on
potential hydropower capacity, we felt it was important to
estimate in our present study.
4.1. Global Potential Hydropower Capacity
[28] The global potential hydropower capacity P [MW]
can be calculated in several ways. For instance, one
could consider all river reaches and calculate the integral
of mean annual discharge Q (m3 s−1) × riverbed gradient
S (m km−1) × density of water r (1000 kg m−3) × gravita-
tional acceleration g (m s−2) product over the length of river
reaches L (m):
P ¼
ZL
0
gQSdL ð5Þ
Figure 1. Millennium Ecosystems Assessment scenarios. (top) Latitudinal deviations of annual air tem-
perature and precipitation averaged by latitude from the long‐term mean according to the to the Climate
Research Unit of East Anglia (CRU) time series. (middle and bottom) Air temperature and precipitation
change (respectively) by latitudes for 2030 and 2050 relative to 2000. AM, Adapting Mosaic; GO, Global
Orchestration; OS, Order from Strength; TG, Technogarden.
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Another approach is to calculate the potential energy of
surplus water from the water budget as the integral of the
product of surplus water (surface runoff + groundwater
recharge) R (mm yr−1), elevation (m), density of water r
(1000 kg m−3) and gravitational acceleration g (9.81 m s−2)
over the continental landmass:
P ¼
I
gRHdA ð6Þ
We tested both methods and found that the same results
could be derived with an even simpler approach. While this
simple approach is conceptually the same as equation (6), it
is easier to follow with numerical examples. The hydro-
power capacity for a single reservoir can be expressed as
P ¼ gQH ð7Þ
where Q is the discharge released from the reservoir and H is
the energy head. Applying this equation to runoff weighted
elevation HRmean (275 m) and global annual discharge to
oceans Qglobal (∼40,000 km3 yr−1) yields 3.5 TW, which is
the absolute physical potential energy head of the excess
runoff.
[29] Our estimate is only about one third of the 10 TW
theoretical capacity reported in a recent feature article in
Nature [Schiermeier et al., 2008] and 70% of the 4.8 TW
(150 EJ yr−1) estimate presented by Resch et al. [2008].
Neither of these publications cites the original source, so it is
difficult to track down how these estimates were calculated.
Resch et al. [2008] estimate that the technically accessible
hydropower capacity is 50 EJ yr−1 = 1.6 TW. This figure
probably needs correction if it is derived from the 4.8 TW
theoretical potential that we found to be too high. Resch et al.
[2008] report 0.32 TW (10 EJ yr−1) hydropower generated
annually, which is about 40% of the built‐in (rated) capacity
(0.8 TW [IEA, 2007b]). This 40% utilization reflects the
load factor (the time the plant is in operation), which is
consistent with actual production numbers showing that the
global load factor is about 40%. However, individual re-
servoirs may experience much lower load factors if the
hydropower generators operate in electric grids where they
are used only to satisfy peak demand., Since hydropower can
be turned on almost instantaneously, loads will be smaller
than those of fossil fuel or nuclear power generators, which
require considerable time to turn on. The built in hydropower
capacities also include pumped‐storage power stations where
off‐peak power (potentially from external sources) is used to
pump water to a reservoir at higher elevation to be released at
a later time when more electric power is needed.
[30] The discrepancy between our theoretical estimate and
previous ones might arise if previous estimates were based
on summary data for countries using mean elevation. The
Figure 2. Regional differences between contemporary (2000) and future climate (2030 and 2050) under
the four Millennium Ecosystems Assessment scenarios for different economic regions.
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runoff weighted elevation that we calculated (275 m) is
about half of the global mean elevation of the continents
(somewhere between 500–600 m depending the elevation
data set and continental land mask). This difference is
remarkable and indicates that low lands (probably coastal)
have more water than high mountains.
4.2. Reservoir Geometry
[31] The assessment of future reservoir capacity require-
ments based on hydropower capacity predictions requires
some assumption about the energy head provided by reservoir
impoundments and the discharge regime passing through
the reservoirs. This requires establishing the relationship
between reservoir storage capacity and hydropower capacity.
Unfortunately, this information is not available even for
existing reservoirs in any of the reservoir databases. For
instance, the International Commission on Large Dams
(ICOLD) world registry of dams [ICOLD, 1984–1988] pro-
vides crest height for some dams, but this figure is evidently
different from the actual energy head that can be used for
power generation. In addition, this information is often
missing for individual dams from the ICOLD registry. Fur-
thermore, for future reservoirs we need to assess the energy
head along with reservoir capacity.
[32] The discharge estimates from the WBMplus provide a
means to assign reservoir storage capacity to newly formed
reservoirs by assuming that they follow the average ∼4month
residence time (expressed as the ratio of the reservoir storage
capacity V (km3) and river discharge Q (m3 s−1)) found for
large reservoirs [Vörösmarty et al., 1997]. In order to translate
reservoir storage capacity to energy head, we needed to
make some assumptions about reservoir geometry as influ-
enced by topography. We chose tetrahedrons with isosceles
triangles to represent the reservoir surface and the dam wall
at the bottom of the reservoirs (Figure 3). The tetrahedron is
configured such that the depth H (m) length L (km) ratio of
the reservoir corresponds to the riverbed slope S (m km−1),
so H = LS. The length L (m) widthW (m) ratio 2a(W = 2aL)
was set to 1:10 uniformly for all reservoirs.
[33] The volume of the tetrahedron can be computed as
V ¼
ZL
0
WH
2
dL ¼
ZL
0
SL2dL ¼ S
3
L3 ð8Þ
The reservoir geometry relationships, combined with the
river discharge, allow the estimation of hydropower capacity
of the reservoirs by applying equation (7).
[34] The average depth of the reservoirs, needed by some
of the NEWS models to assess the reservoir retentions, were
calculated using an empirical relationship from Takeuchi
et al. [1998] that relates the capacity of reservoirs to the
inundated area and dam height. Using this empirical rela-
tionship is inconsistent with our previous assumption about
reservoir geometry, but allowed a more realistic represen-
tation of the mean reservoir depth for the nutrient studies.
4.3. Reservoir Locations
[35] A comprehensive assessment of the potential loca-
tions for future reservoirs would require a thorough analysis
of high‐resolution topography, detailed geology, hydrogra-
phy, proximity to transportation networks and numerous
other factors that would go far beyond the present study.
The methodology described here was designed to extend the
existing set of large reservoirs (>0.5 km3) from Vörösmarty
et al. [1997] to future scenarios by adding new reservoirs for
each economic region corresponding to the hydropower
capacity increase assumed by the IMAGE model. Our
starting point was a set of possible (8731) dam sites derived
from the 30′ gridded network by partitioning the actively
contributing portion of the river network into 10,000 km2
subbasins, which Vörösmarty et al. [2000a] found to be the
smallest subbasin area that a 30′ network can represent.
These potential dam sites were subsequently reduced by the
following criteria:
[36] 1. The proximity to existing reservoirs had to be
>100 km.
[37] 2. The population within each 30′ grid cell had to be
<107 to avoid the necessity of major resettling of the po-
pulations (which might not be a valid consideration in some
countries, such as China). This criterion is the equivalent of
a ∼250 m2 per person population density.
[38] 3. The average population in every 5 × 5 grid cell
neighborhood (on the 30′ lon × lat grid) had to be >103 to
eliminate potential sites in unpopulated regions.
[39] 4. The reservoir capacity had to be >0.5 km3 and the
energy head >15 m (two criteria that were established for the
contemporary reservoirs by Vörösmarty et al. [1997]).
[40] 5. The riverbed slope along the 0.5° by 0.5° network
had to be >0.5 m km−1 to eliminate reservoirs in flat regions
where excessively large areas of inundation would be
needed to achieve the 15 m energy head.
[41] 6. The hydropower capacity had to be <3× larger than
the regional maximum hydropower capacity to ensure that
the reservoirs in each economic region remained within the
same size range as the existing ones.
[42] The remaining potential sites in each economic
region were ranked by hydropower capacities. The top n
reservoirs with a cumulative hydropower capacity large
Figure 3. Idealized reservoir geometry.
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enough to satisfy the IMAGE model predictions were
identified as the new reservoirs to be built. This step ensured
that the potential reservoirs with the highest hydropower
capacity in each region were selected as new reservoirs.
Figure 4 shows the predicted total reservoir changes in
hydropower according to the IMAGE model (Figure 4, top),
along with actual future hydropower capacities for 2030 and
2050 according to WBMplus (Figure 4, bottom). In most
economic regions, the newly installed reservoirs reproduce
the IMAGE model hydropower predictions, with some
notable exceptions. The largest differences are in West
Africa, where the IMAGE model predictions are between
526 and 550% of the contemporary hydropower capacity,
but the WBMplus simulations with new reservoirs are only
between 215 and 217% larger. This discrepancy occurs
because the majority of large rivers in West Africa (Niger,
Volta) already have large dams and reservoirs (e.g., Jebba in
Nigeria and Akosombo in Ghana), leaving no room for the
expansion of hydropower generation predicted by the
IMAGE model. To a lesser extent, the same limitation seems
to exist in North Africa.
5. Runoff Responses to Climate Change
and Human Alterations
[43] Runoff responses to changing climate and intensify-
ing human activities vary substantially both by latitude
(Figure 5) and by region (Figure 6). Air temperature increases
will offset most of the increased precipitation, resulting in
slightly declining runoff over the next 40 years. The patterns
of runoff changes and the magnitude of these changes are
largely consistent with the IPCC report [Bates et al., 2008].
In most economic regions the direction of the change in
runoff follows the change in precipitation. Notable excep-
tions include South America, Western Europe and Japan,
where the temperature rise and corresponding increase in
evapotranspiration offset the precipitation increase, resulting
in declining runoff (Figure 6, top).
[44] Figure 6, bottom, shows the impact of irrigation and
reservoir operations on runoff as the difference between
“natural” simulations (i.e., showing only the effects of cli-
mate change) and “disturbed” simulations (i.e., also including
irrigation and reservoir operations). While human impacts
appear to be negligible in most economic regions, direct
alterations of the water cycle in the most populous economic
regions (India, China, Southeast Asia and Japan) exceed the
effect of climate change considerably. Basin‐wide compar-
isons presented in Table 1 reveal river basins where irriga-
tion and reservoir operations offset the expected changes in
runoff due to climate change (e.g., Ganges, Chang Jiang).
These rivers show a predicted loss of runoff under disturbed
conditions (as a result of water abstractions for irrigation),
but runoff increases as a result of climate change alone
without human activities. Table 1 should be interpreted with
caution. While large‐scale models like WBMplus have dem-
onstrated capabilities to depict continental patterns, they can
show significant deficiencies in describing individual basins.
For instance, WBMplus lacks a fully coupled interaction
between the riverbed and the surrounding aquifer, prohi-
biting the accurate representation of loosing streams like the
Nile or Niger. For contemporary climate, we calculate a
0.4% decline (25 km3 yr−1) in runoff due to consumptive
water uptake for the Nile. This estimate is reasonable con-
sidering the large catchment area of the Nile. There is a
Figure 4. Hydropower capacities by economic region under Millennium Ecosystem Assessment (MEA)
scenarios according to the (top) IMAGE model and (bottom) global water balance and transport model
(WBMplus) after assigning reservoir locations and geometry. West and East Africa (WAFR, EAFR) are
predicted to have over tenfold increases (outside of the plotted range) in hydropower capacity according
to the IMAGE model. In the WBMplus simulations, West Africa has much less added hydropower capac-
ity than predicted because our algorithm could not allocate more reservoirs to meet the predicted hydro-
power capacity need.
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misconception that the Nile looses discharge primarily due
to irrigational water uptake, but, as with the Niger River, this
is not the case. For instance, the observed water loss of
39.6 km3 yr−1 between the Nile’s Aswan High Dam and
next discharge gauge (http://www.grdc.sr.unh.edu) down-
stream at el Ekhsase is largely due to the river recharging
the aquifer. Most of the irrigational water uptake occurs in
the Nile’s delta below el Ekhsase.
Figure 5. Runoff responses to climate change under the MEA scenarios. Elevated temperature around
the equator causes decline in runoff despite of increased precipitation (Figure 1). At higher latitude, the
increase in precipitation dominates resulting in increased runoff.
Figure 6. Runoff change response by economic regions to climate and human activities. (top) Difference
between contemporary (2000) and future (2050) runoff under the MEA scenarios in response to changing
climate and human disturbance (irrigation and reservoir operations). (bottom) Effects of future irrigation
and reservoir operations on runoff, as the differences between “natural” (i.e., only including the effect of
climate change) and “disturbed” (i.e., including the effect of irrigation, reservoir operations, and climate
change) runoff response under the different future climate forcings for the year 2050.
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[45] Increased evapotranspiration offsets the precipitation
increase (from 790 mm yr−1 to 803–804 mm yr−1 in 2030
and 808–818 mm yr−1 in 2050 globally) in most regions
resulting in slightly declining global runoff (272 mm yr−1
contemporary versus 269–270 mm yr−1 in 2030 and 267–
271 mm yr−1 in 2050). The largest change in global runoff
by 2050 occurs under the Order from Strength scenario
under both “natural” (from 281 mm yr−1 to 276 mm yr−1
representing 1.5% change) and “disturbed” conditions (from
272 mm yr−1 to 267 mm yr−1 representing 1.8% change; see
Table 2). These increases are considerably less than the
3.1% change due to irrigation and reservoir operations
shown by the difference between “natural” (281 mm yr−1)
and “disturbed” runoff (272 mm yr−1) under present climate.
This 11 mm yr−1 difference between “natural” and “dis-
turbed” conditions is on par with the estimates of precipi-
tation change by the 2030 climatology. This estimate of
consumptive water use appears to be comparable to previous
estimates of irrigational water use that range between 2000–
3000 km3 yr−1 [Döll and Siebert, 2002; Haddeland et al.,
2006b], which would be the equivalent of 5–6% of the
annual discharge to oceans including nonsustainable water
uptake from deep groundwater estimated at ∼40% [Wisser
et al., 2010a]. This consumptive water use is concentrated
on ∼2% of the continental landmass. Our findings are
consistent with Vörösmarty et al. [2000b] and show that,
in many regions, humans as direct stressors can have just
as significant an impact on runoff as climate change will
have over the next 40 years.
[46] The monthly simulations carried out in the present
study are inadequate to fully explore the impact of expected
increases in extreme events (floods and droughts) and
therefore may be somewhat misleading. The global averages
are likely to hide large regional changes with opposite
trends, but the same applies to human activities, which are
concentrated in smaller areas.
6. Conclusions
[47] The study presented here describes global hydrogra-
phy under contemporary and future scenarios following the
Millennium Ecosystems Assessment specifications. The
primary purpose of this work was to support and enhance a
new set of investigations to estimate future changes in
nutrient export from watersheds (Global NEWS).
Table 1. Basin‐Wide Changes for Year 2000 Versus Future Scenarios in Annual Runoff Under Disturbed and Natural Conditions for
Selected River Basinsa
Basin
Present Conditions
(mm yr1)
Naturalb (mm yr1) Disturbedc (mm yr1)
2030 2050 2030 2050
AM TG AM TG AM TG AM TG
Amazon −0.2 25.5 18.7 45.1 24.6 25.2 18.4 44.7 24.3
Nile −0.4 −0.3 −1.6 −3.0 −3.9 −1.2 −2.5 −3.8 −4.7
Zaire −0.1 −5.2 −9.4 −9.0 −14.3 −5.4 −9.6 −9.2 −14.5
Mississippi −8.4 −0.4 0.8 −6.7 −1.0 −17.8 −16.4 −24.3 −18.2
Ob −0.6 −4.3 −4.6 −10.3 −8.5 −5.6 −5.9 −11.7 −9.8
Parana −2.0 19.8 16.8 32.3 22.3 15.9 12.9 28.5 18.6
Yenisei −0.3 −3.7 −3.8 −7.7 −5.9 −4.3 −4.4 −8.3 −6.5
Lena 0.0 −12.8 −12.2 −23.1 −17.4 −12.9 −12.3 −23.1 −17.4
Niger −1.2 4.9 3.5 7.9 4.2 2.4 1.0 5.4 1.8
Chang Jiang −61.4 36.3 38.2 12.5 26.9 −95.8 −92.8 −122.9 −104.7
Amur −4.8 5.2 5.1 6.7 5.5 −5.1 −5.1 −3.8 −4.7
Mackenzie 0.0 3.8 3.5 6.1 5.0 3.7 3.5 6.0 5.0
Ganges −156.5 202.1 197.8 228.4 209.9 −91.4 −96.5 −50.4 −75.0
Zambezi −0.6 59.9 54.5 101.1 75.3 58.6 53.2 99.9 74.0
Indus −13.5 18.4 18.5 15.1 17.7 −7.5 −7.4 −9.7 −7.5
Syr‐Darya −4.6 −6.2 −5.0 −15.8 −10.4 −16.6 −15.3 −26.8 −20.8
St. Lawrence −1.6 −8.4 −6.9 −14.8 −8.8 −11.6 −10.1 −18.0 −11.9
Orinoco −3.6 116.2 102.5 199.0 139.1 109.1 95.4 192.0 132.3
Colorado (Arizona) −1.4 −5.0 −4.7 −12.7 −8.4 −8.4 −8.1 −16.4 −11.8
Rio Grande (US) −1.2 0.7 0.7 0.9 0.3 −1.7 −1.7 −1.7 −2.1
Danube −3.1 34.0 31.4 55.3 42.1 29.2 26.5 50.0 37.0
Tocantins −1.0 −0.2 −4.1 −2.4 −6.8 −2.2 −6.1 −4.4 −8.7
Mekong −33.6 4.3 4.1 −18.2 −9.4 −63.1 −62.6 −85.2 −75.0
Columbia −6.6 −13.9 −13.4 −25.0 −20.9 −27.3 −26.9 −38.0 −34.0
Kolyma 0.0 −13.4 −13.5 −23.4 −19.3 −13.4 −13.5 −23.4 −19.4
Amu‐Darya −5.0 −10.2 −8.8 −20.7 −14.4 −20.6 −19.1 −31.6 −24.9
Sao Francisco −1.9 −6.0 −6.5 −20.8 −13.8 −10.3 −10.8 −25.6 −18.3
Dnepr −2.6 15.7 13.0 24.7 18.8 11.0 8.4 20.1 14.3
Don −8.8 14.2 13.8 18.1 16.4 −3.3 −3.5 1.0 −0.6
aAs a reference, the present conditions column shows the difference between simulations with and without human activities (irrigation and reservoir
operations) as a percentage of contemporary flow under disturbed conditions. The basins presented here were selected from the top 50 river basins
according to STN‐30p by picking the more known basins. AM, Adapting Mosaic scenario; TG, Technogarden scenario.
bNatural only includes the effect of climate change.
cDisturbed includes the effects of irrigation, reservoir operations, and climate change.
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[48] We conclude that hydrography under future climate
conditions will change significantly for many regions of
the world. Globally, rising air temperatures will increase
evapotranspiration, balancing out any regional increases in
precipitation and resulting in nearly steady runoff rates over
the next 40 years. Temperature rise appears to be the
dominant factor determining runoff changes at low latitudes,
which offsets the increased precipitation in future scenarios
and produces decreased river flows. At high latitudes,
increased precipitation remains the determining force re-
sulting in runoff increases compared to contemporary
(2000) climate. Because most of the MEA scenarios start to
take characteristically different trajectories after 2050, ex-
tending our studies beyond this date likely would have
shown substantially greater impacts due to climate change.
In addition, the coarse temporal (monthly) and spatial
(30 min) resolution of the performed model simulations was
inadequate to assess the impact of the expected intensifi-
cation of extreme events (drought and flood).
[49] Our analysis shows that humans are already signifi-
cantly altering the hydrology in many regions through irri-
gation and the damming of rivers. The impact of this
disturbance is equal to or greater than the impact of expected
changes in climate over the next 40 years. In the future,
major basins in India and China are likely to experience a
decline in runoff, even if increases in evapotranspiration due
to rising air temperature alone would be too small to offset
the increase in precipitation. We argue that the direct effects
of human activities on river runoff deserve more attention,
in the areas of both policy and research. The current world
population is already affecting global hydrology directly.
[50] The obvious future direction for the research pre-
sented here is to carry out the hydrological simulations at
higher spatial and temporal resolutions, thereby capturing
more rapid hydrological events. Closer integration of NEWS
nutrient transport models into the hydrological model could
also take advantage of the increased spatial and temporal
resolution.
[51] A new estimate of the global hydropower potential
was a significant by‐product of the presented work. Our
estimate of the absolute theoretical maximum potential
energy of runoff generated on the continental landmass
(3.5 TW) appears to be half or one third of previous esti-
mates [Schiermeier et al., 2008] and only 5 times larger than
the installed hydropower capacity built in existing hydro-
power plants (0.7 TW). This indicates that previous studies
have overestimated the potential of global hydropower as a
renewable energy source.
[52] Acknowledgments. The Global NEWS project has been
cofunded by UNESCO‐IOC and is a project under LOICZ. The IMAGE
contribution to this paper is part of the project Integrated Terrestrial Mod-
eling of the Netherlands Environmental Assessment Agency (PBL).
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